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Abstract 
The article contains a statistical evaluation of the real material properties of weathering steels used for the construction of motorway 
bridges in the Czech Republic between 2001 and 2007. The evaluation is performed for a range of hot rolled plates made of S355J2W 
steel. There is an evaluation of the strength properties, plasticity properties and impact properties of the steel and its chemical 
composition. The article also contains derived real values of partial factors of materials corresponding to the relevant reliability classes 
RC1 to RC3 pursuant to the European standard EN 1990. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction  
Between 2001 and 2007 in the Czech Republic a large number of motorway bridges were built with a load-bearing 
structure made of weathering steel [1]. When the structural system is selected appropriately [2], this material solution offers 
many advantages compared with structures protected by traditional anticorrosion protection systems – lower or comparable 
acquisition price of construction, significantly lower maintenance costs, speed of construction, environmental aspects [3]. 
Examples of two motorway bridges are shown in Figures 1 and 2. 
                          
Fig. 1. Box girder bridge over the river Ostravice                                                            Fig. 2. Girder bridge in Ostrava 
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During inspections of the technical condition of the bridges after several years of operation, local places with significant 
corrosion faults were discovered. From the performed inspections it is evident that the cause of the faults is water ingress 
onto the unprotected steel construction from elements of the bridge drainage system. 
Although the cause of the local faults in the development of patina is evident, the representatives of the bridge structures' 
owners expressed a suspicion that the corrosion faults may have been influenced by other factors too – such as unsuitable 
structural solution of bridges, adverse environmental conditions or the use of steel not complying with the requirements of 
the standard of the technical delivery conditions EN 10025-5 [4]. 
The submitted article deals with the last of the aforementioned aspects, i.e., evaluation of the real material properties of 
weathering steels used for the construction of motorway bridges in the Czech Republic. The evaluation is processed for a 
range of thick plates made of S355J2W steel. The following material properties are statistically processed and evaluated: 
• strength properties (yield strength fy and tensile strength fu); 
• impact properties (impact strength KV); 
• plastic properties (elongation A5 and ratio fu/fy); 
• chemical composition of steel (elements influencing weathering, atmospheric corrosion resistance index I, carbon 
equivalent CEV). 
2. Methodology of statistical processing of data 
The data set for statistical processing was gained from the certificates of rolled materials used for the fabrication of the 
steel structures of motorway bridges. The classification of evaluated data according to thickness and according to time 
aspect is given in Table 1. 
 
Table 1. Structure of data for statistical analysis 
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Thickness 
t ≤16 mm 22 35 75 42 96 270 
16 < t ≤ 40  69 98 315 138 226 846 
40 < t ≤ 63  20 22 102 14 77 235 
63 < t ≤ 80 6 8 15 4 3 36 
Total 117 163 507 198 402 1387 
Table 2. Fractiles corresponding to reliability classes 
Reliability class 
Reliability index β 
(according to EN 1990 [10] ) 
Fractile P(Xd) 
RC1 3.3 0.00415 
RC2 3.8 0.00118 
RC3 4.3 0.00029 
 
 
Frequency histograms are created for the graphic depiction of the results from the statistical analysis. The number of 
classes in the histogram is designated according to Sturges' rule: 
 1 3.3logk N= + , (1) 
where k represents the number of classes of the histogram and N is the number of examined samples. 
In the context of the statistical processing of the values of the yield strength of steel fy, the characteristic values of Xk and 
design values Xd corresponding to the reliability classes according to standard EN 1990 are also derived for the permissible 
thickness classes. The following procedure is selected in order to designate these values: 
1. Data from the certificates is classified into two thickness groups according to Table 3.1 given in the standard for design 
of steel structures EN 1993-1-1 [5]. 
2. Outliers outside the value interval μ ± 3σ, where μ represents the selective mean value and σ  represents the standard 
deviation [6], are excluded from the database of thickness groups. Specifically the yield strength values from two 
certificates for the thickness group t ≤ 40 mm were excluded. 
3. The data from the thickness groups is replaced for the further statistical analyses by a suitable parametric distribution [7]. 
The selection of parametric classification is performed on the basis of Kolmogorov-Smirnov Goodness-of-Fit Tests with 
the use of the FREET software product [8]. For both thickness groups three-parameter lognormal distribution displays 
a good fit. The result of the goodness-of-fit tests corresponds with the data given in the technical literature, where the 
yield strength fy of structural steels is usually modelled using log-normal distribution [9].  
4. For each thickness group a characteristic value Xk corresponding to the 0.05-fractile from the relevant parametric 
distribution is designated. The design values Xd are designated for the individual reliability classes RC1, RC2 and RC3 
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defined pursuant to the standard EN 1990. The fractiles corresponding to the individual reliability index values β are 
given in table 2. The fractiles are designated under the assumption that the resistance sensitivity factor according to the 
FORM method is equal to αR = 0.8. 
1. The partial factors γm corresponding to the relevant reliability classes are designated according to the equation: 
 
d
m
k,EN
X
X
γ = , (2) 
where Xd is the design value corresponding to the relevant fractile from Table 2, and Xk,EN corresponds to the nominal value 
of yield strength fy given in Table 3 of the standard EN 1993-1-1 [5]. 
3. Strength properties 
When designing steel structures the basic standard EN 1993-1-1 is applied. Therefore, classification into thickness 
groups pursuant to this standard is used for the statistical derivation of the characteristic values of steel yield strength fy and 
designation of real values of partial factors γm. The results of the statistical processing of data are given in tables 3 and 4.  
                                                      Table 3. Strength properties for thickness group t ≤ 40 mm 
Value Yield strength fy (MPa) Tensile strength fu (MPa) 
Minimum  335 490 
Maximum  445 609 
Mean value 385.5 549.9 
Standard deviation 18.70 19.27 
Kurtosis -0.41 0.41 
Skewness 0.18 -0.43 
Number of samples 1116 
                                                     Table 4. Strength properties for thickness group 40 < t ≤ 80 mm 
Value Yield strength fy (MPa) Tensile strength fu (MPa) 
Minimum  325 509 
Maximum  458 611 
Average 391.2 546.6 
Standard deviation 27.34 14.23 
Kurtosis –0.50 2.32 
Skewness –0.19 0.89 
Number of samples 271 
                                                      Table 5. Real values of partial factors γm  
Thickness group t ≤ 40 mm 40 < t ≤ 80 mm 
Characteristic and design values of yield strength (MPa) 
Xk,EN 355 335 
Xk (5 %) 355.7 344.8 
Xd,RC1 (0.415 %) 339.4 313.8 
Xd,RC2 (0.118 %) 333.1 300.8 
Xd,RC3 (0.029 %) 326.9 287.5 
Partial factors γm 
γm,RC1 1.05 1.07 
γm,RC2 1.07 1.11 
γm,RC3 1.09 1.17 
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The real characteristic values of yield strength fy and values of partial factors γm of weathering steels are given in Table 5. 
The histograms of yield strength fy and tensile strength fu relating to the relevant thickness classes are given in Figs 3 and 4. 
 
    
Fig. 3. Histograms of yield strength fy 
The performed statistical analysis gives rise to the following findings: 
1. For both thickness groups the value of the yield strength corresponding to the 0.05-fractile is higher than the nominal 
value of the yield strength fy given in standard EN 1993-1-1. The requirement of the standard is met. 
2. It is possible to assert that the examined steel also complies with the requirements of the standard of technical delivery 
conditions EN 10025-5 [4]. The minimum value of yield strength required by the standard ReH was exceeded slightly by 
only one sample from the investigated data set. The requirement for tensile strength Rm is fulfilled by all samples. 
3. The statistically derived values of partial factors γm significantly exceeded the value γm =1.00. This finding is in 
compliance with the results of comparable statistical analyses of regular structural steels of quality S355 and higher [11]. 
But the standard for design of steel bridges EN 1993-2 [12] gives a value of partial factor for the resistance of cross 
sections to excessive yielding γM0 = 1.00 and the partial factor for resistance of members to instability assessed by 
member checks γM1 = 1.10 (standard for designing buildings EN 1993-1-1 gives values of both factors γM0 = γM1 = 1.00). 
From the results of the performed statistical analysis there is a recommendation for use of higher values of partial factors 
during the design of constructions made of S355J2W steels than is given by the standards for design of steel structures. 
For constructions included in reliability class RC2 it is possible to safely recommend the value γM0 = 1.15, and for 
constructions included in the reliability class RC3 the value γM0 = 1.20. 
Note: In compliance with EN 1990, the partial factor γm covers only uncertainties of material properties. In addition to 
uncertainties of material properties, the partial factor of material γM also covers uncertainties of structural models. 
When applying the probabilistic reliability assessment, in certain cases it is necessary to know the correlation relationship 
between yield strength fy and tensile strength fu [13-14]. This relationship is depicted for the entire statistical data set in 
Fig. 5. The correlation coefficient of both investigated quantities is ρ = 0.61. 
    
Fig. 4. Histograms of tensile strength fu 
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Fig. 5. Relationship between yield strength fy and tensile strength fu 
4. Impact properties 
The suitability and resistance of hot rolled materials to brittle fracture is shown during their check easily by an impact 
strength test at lower temperatures. The real statistical parameters of impact strength KV values of plates made of S355J2W 
weathering steel used for the construction of motorway bridges in the Czech Republic for the four evaluated thickness 
groups are given in Tables 6 and 7. The average values of impact strength KV from three tests in a longitudinal direction at a 
test temperature of –25°C are given in the tables. For the thickness groups up to the thickness t ≤ 40 mm the calculated 
statistical parameters are partially influenced by the maximum capacity of the test equipment KVmax = 300 J. The tables 8 
and 9 also contain the minimal value of impact strength required in the standard of technical delivery conditions EN 10025-
5. For S355J2W steel this value is at least 27 J at a temperature of –20°C for all thickness groups. 
                                                                   Table 6. Impact properties for thicknesses 40 < t ≤ 80 mm 
Thickness group t ≤ 16 mm 16 < t ≤ 40 mm 
Number of samples 270 846 
Value KV (J) KV (J) 
min. EN 10025-5 min. 27 J at temperature -20°C 
Minimum  66.3 46.7 
Maximum  300.0 300.0 
Average 205.0 230.1 
Standard deviation 53.8 39.4 
Kurtosis -0.22 -0.04 
Skewness -0.43 -0.42 
                                                                  Table 7. Impact properties for thicknesses t ≤ 40 mm 
Thickness group 40 < t ≤ 63 mm 63 < t ≤ 80 mm 
Number of samples 235 36 
Value KV (J) KV (J) 
min. EN 10025-5 min. 27 J at temperature –20 °C 
Minimum  90.7 104.0 
Maximum  267.0 265.7 
Average 166.2 170.8 
Standard deviation 32.8 44.6 
Kurtosis 0.42 –0.21 
Skewness 0.45 0.80 
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629 Vít Křivý and Petr Konečný /  Procedia Engineering  57 ( 2013 )  624 – 633 
The histograms of impact strength KV for thickness groups up to t ≤ 40 mm are given in Fig. 6. 
    
Fig. 6. Histograms of impact strength KV at temperature –25 ° 
From the statistical processing of data it is evident that the impact properties of structural weathering steels used on 
motorway bridges in the Czech Republic (expressed by the value of impact strength KV) display a high level of reserves in 
terms of the requirements of the standard EN 10025-5. 
5. Plastic properties 
The real plastic properties of plates made of S355J2W weathering steel are processes in the form of histograms of the 
following values for the evaluated thickness classes: 
• elongation value A5 (including comparison with required guarantees given in the standard of technical delivery 
conditions EN 10025-5); 
• relationship between tensile strength fu and yield strength fy (including comparison with minimum permissible value fu / fy 
given in basic standard for design of steel structures EN 1993-1-1). 
The results of the statistical analysis of elongation values A5 and relationship of tensile strength fu and yield strength fy 
are given in Tables 8 and 9 for all thickness groups pursuant to EN 10025-5. 
Table 8. Plastic properties for thicknesses t ≤ 40 mm 
Thickness group t ≤ 16 mm 16 < t ≤ 40 mm 
Number of samples 270 846 
Value A5 (%) fu / f y (–) A5 (%) fu / f y (–) 
Requirements of standard min 22 min 1.1 min 22 min 1.1 
Minimum  23.8 1.29 23.0 1.24 
Maximum  37.0 1.54 38.5 1.60 
Average 31.0 1.40 30.2 1.44 
Standard deviation 2.19 0.04 2.12 0.05 
Thickness group t ≤ 16 mm 16 < t ≤ 40 mm 
Kurtosis 0.57 0.37 0.97 0.47 
Skewness 0.01 0.39 0.03 0.06 
 
Table 9. Plastic properties for thicknesses 40 < t ≤ 80 mm 
Thickness group 
40 < t ≤ 63 
mm 
63 < t ≤ 80 mm 
Number of samples 235 36 
Value A5 (%) fu / f y (–) A5 (%) fu / f y (-) 
Requirements of standard min 21 min 1.1 min 20 min 1.1 
Minimum  27.0 1.24 26.0 1.28 
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Maximum  39.8 1.65 35.8 1.51 
Average 32.5 1.40 32.2 1.40 
Standard deviation 2.01 0.09 2.48 0.07 
Kurtosis 0.16 –0.16 0.49 –1.10 
Skewness 0.08 0.77 –0.86 –0.06 
 
The histograms for thickness groups up to t ≤ 40 mm are given in Figures 7 and 8. From the statistical analysis of plastic 
properties it is evident that all the examined samples of rolled materials meet the minimum requirements of the relevant 
standards.
    
Fig. 7. Histogram of elongation A5 
    
Fig. 8. Histograms of the ratio fu / f y 
6. Chemical composition 
The statistical evaluation of the chemical composition of plates made of S355J2W weathering steels is given in Table 10. The 
table contains elements entering the equation for the calculation of carbon equivalent CEV pursuant to standard ČSN EN 10025-1 
[15], see Eq. (3), or the equation for calculation of the atmospheric corrosion resistance index I pursuant to standard guide 
ASTM G101-4 [16], see Eq. (4). Out of the other elements checked pursuant to the standard of technical delivery conditions 
EN 10025-5 the sulphur content is also given. The number of samples in the statistical set corresponds to the number of heats 
N = 317 identified during the statistical processing of data from the provided certificates. From the comparison of real values of 
chemical composition with limit values permissible for finished rolled products it is evident that all the examined samples meet the 
conditions given in the standard of technical delivery conditions EN 10025-5. 
The carbon equivalent CEV is designated according to the equation of the International Institute for Welding: 
 [ ]%
6 5 15
Mn Cr Mo V Ni Cu
CEV C
+ + +
= + + +
 (3) 
From the results of the statistical analysis given in Table 11 it is evident that all the samples of examined steels comply 
with the limit for maximum value of carbon equivalent CEVmax = 0.52% defined in the standard of technical delivery 
conditions EN 10025-5. The real histogram of values of carbon equivalent is given in Fig. 9. 
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                  Table 10. Statistical processing of chemical composition 
Element C Mn Cr Ni Cu Si P S V Mo 
Requirement of 
EN 10025-5 (%) 
max 
0.19 
 
0.45 0.35 
max 
0.70 
 
0.20 
max  
0.55 
max 
0.035 
max 
0.030 
max 
0.14 
max 
0.35 
1.60 0.85 0.60      
Minimum  0.08 0.90 0.41 0.01 0.25 0.23 0.008 0.002 0.004 0.005 
Maximum  0.16 1.50 0.64 0.48 0.42 0.46 0.030 0.015 0.080 0.070 
Average 0.138 1.241 0.481 0.127 0.315 0.354 0.019 0.007 0.028 0.012 
Std. deviation 0.013 0.181 0.042 0.130 0.032 0.034 0.004 0.002 0.025 0.009 
Kurtosis 1.51 –1.61 2.19 –1.09 0.11 2.10 0.21 0.42 –1.29 15.7 
Skewness –0.87 –0.22 1.34 0.83 0.61 –10.47 0.08 0.46 0.54 3.75 
 
 
Fig. 9. Histogram of carbon equivalent values 
                                      Table 11. Statistical processing of chemical composition 
Criterion Carbon equivalent CEV  Atmospheric corrosion resistance index I  
Requirement of standard max 0.52 %  min 6.0 
Minimum  0.39 5.88 
Maximum  0.52 7.10 
Average 0.478 6.455 
Std. deviation 0.028 0.207 
Kurtosis 0.02 0.71 
Skewness –0.69 0.61 
The ability of steel to form a sufficiently protective layer of corrosion products on its surface is conditional, amongst 
other things, on the suitable chemical composition of the steel. The mutual ratio of the individual elements also has a 
significant influence on corrosion resistance. In the standard guide ASTM G101-4, the influence of chemical composition of 
steel on corrosion resistance is taken into account using the atmospheric corrosion resistance index I: 
 
2
26.01(% ) 3.88(% ) 1.20(% ) 1.49(% ) 17.28(% ) 7.29(% )(% )
9.10(% )(% ) 33.39(% )
I Cu Ni Cr Si P Cu Ni
Ni P Cu
= + + + + − −
−
 (4) 
The equation for the calculation of the atmospheric corrosion resistance index I was derived on the basis of extensive 
corrosion atmospheric tests of American steels [17-18]. The applicability of the equation (4) is restricted by the following 
limits of chemical composition of steels: max Cu = 0.51%, max Ni = 1.1%, max Cr = 1.3%, max Si = 0.64%, 
max P = 0.12%. The steels included in the statistical analysis meet these limits, see maximums given in table 11. In the case 
of non-adherence to aforementioned limits it is possible to use an alternative calculation of atmospheric corrosion resistance 
index according to Townsend [19]. 
The minimum requirement of standard guide ASTM G101-4 for the value of the atmospheric corrosion resistance index 
for steels of quality equivalent S355J2W is Imin = 6.0. From the statistical analysis it is evident that this value was not met 
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only in the case of one of the 317 examined heats. The real values of the atmospheric corrosion resistance index cover a 
relatively wide range of values from I = 5.88 to I = 7.10, see Fig. 10. So it can be seen that the various chemical 
compositions of weathering steels complying with requirements of the standard of technical delivery conditions EN 10025-5 
can lead to non-negligible differences in corrosion resistance. 
The average value of the atmospheric corrosion resistance index is I = 6.46. For this reason in the context of the order of 
materials of class S355J2W it is recommended the application of a requirement for values of atmospheric corrosion 
resistance index of I ≥ 6.4. From the statistical analysis it is evident that it is not problematic to manufacture S355J2W steel 
with this required characteristic. 
 
Fig. 10. Histogram of atmospheric corrosion resistance index 
The statistical evaluation of the chemical composition of steels also monitored the relationship between the suitability of 
steel for welding represented by the carbon equivalent CEV value and corrosion resistance of construction expressed by the 
atmospheric corrosion resistance index I. The correlation coefficient of both monitored quantities equals ρ = –0.21, so no 
significant correlation dependency exists between both quantities. The relationship of both quantities is evident from 
Fig. 11. 
 
Fig. 11. Relationship between carbon equivalent and atmospheric corrosion resistance index 
It is thus possible to assert that a suitable chemical composition of S355J2W steel in view of its corrosion resistance does 
not cause a worsening of the suitability of the material for welding. 
7. Conclusions 
From the performed statistical analysis it is evident that weathering steels used for the construction of motorway bridges 
in the Czech Republic reliably meet the requirements of European standards of technical delivery conditions and standards 
for design of structures. So it is possible to state that local faults in the development of patina identified during inspections 
of the evaluated motorway bridges are not caused by the use of material with impermissible properties. 
One significant result from the statistical analysis of the strength properties of S355J2W steels is a recommendation for 
use of higher values of partial factors of materials than given by standards for the design of steel structures. For structures 
included in reliability class RC2 it is possible to safely recommend the value γM0 = 1.15, and for structures included in the 
reliability class RC3 the value γM0 = 1.20. 
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The standard of technical delivery conditions EN 10025-5 does not specify the requirements for the value of minimum 
atmospheric corrosion resistance index I. When ordering structural material, it is though recommended to check the value of 
atmospheric corrosion resistance index I because heats with a chemical composition in compliance with EN 10025-5 may in 
certain cases display lower values of atmospheric corrosion resistance index I than the minimum recommended values, 
which may limit anticipated corrosion resistance of material [20]. 
The results of the performed statistical analysis can also serve as input data for probabilistic assessment of structures 
[21], [22]. It is possible to anticipate potential application primarily during an evaluation of existing structures weakened by 
corrosion [23-24]. 
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